Summary
Introduction
Rat thymocytes have been widely used as an isolated cell preparation for the study of immunlogical processes, but there has been less interest in their development as a model for the investigation of intracellular cation composition and transport rates [ l , 21. We have used human leucocytes derived from peripheral blood in the study of alterations in cellular cation transport in a variety of diseases, particularly hypertension [31, uraemia [41 and malnutrition [51. For the extension of these studies it was desirable to develop a suitable series of experimental models and the rat appeared to be a satisfactory animal for this purpose. The small blood volume of the rat makes the study of peripheral blood leucocytes impractical, but preliminary studies showed that the thymus gland was capable of yielding a preparation of leucocytes adequate for the determination of intracellular electrolytes and their transport rates in vitro. This paper reports the electrolyte composition and transport characteristics of rat thymocytes and the effect of external potassium.
Materials and methods

Materials
The buffers used in these studies were based on Earle's balanced salt solution (mmol/l: Ca2+ 1-8, Mg2+ 1.08, C1-120, SO:-1-08, PO:-0.96 and D-glucose 5.55) which had been adjusted to a sodium concentration of 140 mmol/l. The potassium concentration was varied between 0 and 20 mmol/l as required. The bicarbonate concentration was 25.0 mmol/l which on equilibration with 5% CO, in air produced a pH of between 7-35 and 7.45. 22NaC1, 42KCl and S'Cr-labelled ethylenediaminetetra-acetic acid (EDTA) were obtained as sterile isorosmotic solutions from The Radiochemical Centre, Amersham, Bucks., U.K.
Preparation of thymocytes
All experiments were performed on T lymphocytes derived from thymus glands of Wistar rats (100-150 g). The animals were killed by neck dislocation, the thymus gland was removed, washed free of surface blood, blotted dry and finely chopped in approximately 3 ml of buffer (potassium 6 mmol/l) at OOC. The suspended thymocytes were separated from the larger pieces of thymus by diluting the mixture with 30 ml of buffer and allowing it to stand for a few minutes. The supernatant was then poured off through a fine gauze filter. The residual thymus tissue was further disrupted by gentle agitation through a Pasteur pipette, the freed cells being separated as before. This procedure was repeated three times. The cell suspensions so obtained were combined and centrifuged at 250 g for 3 rnin at room temperature. The cell pellets were resuspended in fresh buffer, placed in a shaking water bath and incubated at 37°C for 1 h in Earle's balanced salt solution. Viability of cells prepared in this manner was >95% as assessed by Trypan blue exclusion.
Determination of cell sodium, potassium and water content
After incubation, aliquots of the cell suspension were transferred to weighed polythene lay-flat tubes and centrifuged at 300 g at 0°C for 3 min. The supernatant was discarded, the cell pellet wiped dry of remaining fluid and immediately resuspended in 2 ml of ice-cold iso-osmotic magnesium chloride solution (99 rnmol/l) containing 5'Cr-labelled EDTA as a marker of extracellular fluid. The suspension was recentrifuged, the supernatant retained and the cell pellet wiped dry of contaminating extracelMar fluid. The wet weight of the specimen was determined, it was then dried at 100°C and reweighed. The radioactivity of the cell specimen and that of an aliquot of the extracellular fluid were measured in a well-type y-counter (ICN Tracerlab) and the cell water calculated. The dried cell pellets were extracted with nitric acid (1 mol/l) and the sodium and potassium concentrations measured by flame photometry (Instrumentation Laboratory 543).
Sodium eflux
Thymocytes were loaded with radioactive sodium by adding 22Na (5 pCi/ml) to the incubation buffer. The cell suspension was centrifuged at 300 g for 3 min, the supernatant discarded and the cell pellet washed free of trapped extracellular fluid by suspension in the experimental buffer and centrifugation. The supernatant was discarded, the cell pellet wiped dry of remaining fluid and again suspended in the experimental buffer. Over a 15 rnin period aliquots of the cell suspension were taken, transferred to polythene lay-flat tubes, plunged into ice and centrifuged at 300 g for 3 rnin at 0°C. The supernatant was discarded, the cell pellet wiped dry of contaminating fluid and its radioactivity measured. The cell pellets were digested in Folin buffer (NaOH 200 mmol/l, Na,CO, 200 mmol/l) and their protein content determined by an automated Folin method [6, 71.
The rate constant for sodium efflux was calculated from the regression of the logarithm of radioactivity per unit of protein against time, which was a linear function.
Sodium injlux
After incubation, thymocytes were centrifuged at 300 g at room temperature for 3 min. The supernatant was discarded, the cell pellet wiped dry of remaining fluid and resuspended in the experimental buffer. After 3 rnin of incubation 22Na was added (5 pCi/ml) and the influx of Z2Na followed for a further 10 mh. The cell suspension was then transferred to a weighed lay-flat tube, plunged into ice and centrifuged at 300 g for 3 rnin at 0°C. The supernatant was retained and the cell pellet wiped free of contaminating fluid, suspended in 2 ml of ice-cold magnesium chloride solution (99 mmol/l) and centrifuged. The supernatant was discarded, the cell pellet wiped free of excess extracellular fluid and dried to constant weight at 100°C. The radioactivity of the cell specimen and that of an aliquot of the extracellular fluid were determined and, from knowledge of the specific activity of the extracellular fluid and the dry weight and radioactivity of the cell specimen, the uptake of sodium was calculated. This was corrected for simultaneous sodium efflux by the equation: influx = K x / ( l -e-Kf), where x is the observed influx, t the time over which the influx was measured (h) and K the efflux rate constant.
Potassium fluxes
The techniques used for the study of potassium fluxes were similar to those used for sodium transport with the difference that 42K (2 pCi/ml) was employed in place of ZZNa. Because of its slower rate constant potassium eftlux was studied over a 45 rnin period and potassium influx over 15 min. All studies were performed in parallel with cells exposed to ouabain ( mol/l). 
Results
Intracellular sodium, potassium and water
The effect of incubation in an Earle's buffer with a sodium and potassium concentration of 140 and 6.0 mmol/l respectively, on the cation content of thymocytes, is shown in Fig. 1 . The intracellular sodium, initially high after the cells had been kept at 0°C for 30 min during their preparation, fell rapidly and within 30 min had reached a steady state of about 40 mmol kg-I dry weight. Intracellular potassium rose progressively on incubation reaching a steady-state level of almost 600 mmol kg-' dry weight after approximately 30 min. No significant change in cell water was demonstrated over this time.
It is probable that these changes in intracellular sodium and potassium largely represent recovery from the inhibitory effects of low temperature on sodium and potassium transport processes, but may also be due, in part, to the disintegration of cells damaged in the separation process. All subsequent experiments were performed on cells which had been incubated for 1 h in Earle's buffer as detailed above.
-
Effect of ouabain on sodium efflux
The effect of various concentrations of ouabain on the sodium efflux rate constant is shown in Fig. 2 . Each point represents the percentage inhibition of the rate constant for sodium efflux by ouabain relative to its simultaneously studied control value. The inhibition of sodium efflux appears to follow a sigmoid pattern. At a ouabain concentration of mol/l no inhibition of sodium efflux was observed. As the ouabain concentrationwas raised from to mol/l the inhibition of sodium efflux rose sharply from about 12 to 70%. Increasing the ouabain concentration to mol/l resulted in no significant increase in the inhibition of sodium efflux. The effects of higher concentrations of ouabain were not studied since mmol/l represents the limit of solubility of ouabain in water even with the aid of heating to 60°C.
Effect of extracellular potassium on sodium e@ux
The effect of extracellular potassium on the total, ouabain-sensitive and ouabain-insensitive sodium efflux rate constants is shown in Fig. 3 . The rate constant for total sodium efflux remains relatively unchanged, at a value of approximately 6.0 h-I over virtually all the extracellular potassium concentrations studied. However, at an external potassium concentration of 1 mmol/l the total efflux rate constant was significantly higher than that at either 0 or 2 mmol/l ( P c 0.01). The ouabain-insensitive rate constant for sodium efflux rose progressively from an initial value of 1.15 h-I at a nominal zero external potassium, to 2.40 h-' at an external potassium concentration of 6 mmol/l. No significant increment in the rate constant for ouabaininsensitive sodium efflux was observed, as the extracellular potassium concentration was raised from 6 to 20 mmol/l. The rate constant for ouabain-sensitive sodium efflux is markedly stimulated at an external potassium concentration of 1 mmol/l, its value being significantly higher ( P < 0.05) than at either 0 or 2 mmol/l. As the extracellular potassium increases there is a tendency for the ouabain-sensitive rate constant to fall; this trend is, however, not significant.
Effect of extracellular potassium on sodium
The effect of extracellular potassium on the total and ouabain-insensitive sodium influx is shown in Fig. 4 . ouabain-insensitive sodium influx was by reducing the external ouabain-sensitive sodium influx could be demonstrated at an external potassium concentration greater than 3 mmol/l. As the external potassium was reduced from 3 to 0 mmol/l there was a progressive increase in the total and ouabainsensitive sodium influx, the value for the former reaching approximately 650 mmol h-' kg-I dry weight at a nominally zero external potassium concentration.
Effect of extracellular potassium on potassium eflux
The effect of external potassium on the total, ouabain-sensitive and ouabain-insensitive potassium efflux is shown in Fig. 5 . Both total and ouabain-insensitive potassium efflux increase with increasing extracellular potassium. At all levels of external potassium a significant, though small, ouabain-sensitive component of potassium efflux was demonstrated. This flux rose from a value of 49 f 20 mmol h-I kg-' dry weight at a zero external potassium concentration to a maximum of 139 f 57 mmol h-I kg-I dry weight at an external potassium Concentration of 10 mmol/l. It should be noted that this value for the ouabain-sensitive potassium efflux is somewhat imprecise, being derived by subtraction of two much larger values.
Effect of extracellular potassium on potassium influx
The effect of extracellular potassium (up to concentrations of 20 mmol/l) on total, ouabainsensitive and -insensitive potassium influx is shown in Fig. 6 . Total potassium influx increases with increasing external potassium over the range of concentrations studied, the rate of rise being potassium influx. A total of 68 experiments, with a minimum of three at each data point, were carried out. The value for SEM is not shown where this lies within the symbol. most rapid between 0 and 4 mmol/l. Ouabaininsensitive potassium influx rises in an almost linear fashion with increasing external potassium concentration. At external potassium concentrations of 1 and 2 mmol/l, the ouabain-sensitive potassium influx represents approximately 80% of the total flux. As the external potassium concentration rises to 20 mmol/l the ouabainsensitive influx falls to 16% of the total potassium influx.
Discussion
The present studies show that intracellular sodium and potassium concentrations and their transport rates may be conveniently studied in the rat thymocyte.
Except at an external potassium concentration of 1 mmol/l the sodium efflux rate constant is not stimulated by external potassium and the increase seen at this concentration was due entirely to the ouabain-sensitive component. This pattern differs from that seen in human leucocytes and erythrocytes where increasing external potassium concentration up to 6 mmol/l leads to a progressive increase in the rate constant for sodium efflux [8-101. In rat erythrocytes the degree of stimulation of ouabain-sensitive sodium efflux by external rubidium is relatively small and appears to be maximal at an external rubidium concentration of 1 mmol/l [ I l l . The failure of a low external potassium concentration to inhibit sodium efflux in rat thymocytes is explained by their high capacity for ouabain-sensitive sodiumsodium exchange under these conditions. It is probable that, at a zero external potassium concentration, sodium efflux represents almost exclusively ouabain-sensitive sodium-sodium exchange and that as the extracellular potassium concentration is increased the sodium pump shifts progressively to sodium-potassium exchange until at an extracellular potassium concentration above 3 mmol/l sodium-sodium exchange disappears. Ouabain-sensitive sodium influx has also been reported in human and rat erythrocytes [11, 121 and probably exists to a small extent in the human leucocyte [lo] .
Rat thymocytes are relatively insensitive to ouabain as compared with human tissue, in agreement with previous observations on rat erythrocytes [ 131. However, the relationship between the inhibition of sodium efflux and the ouabain concentration suggests that virtually complete inhibition of the sodium pump was achieved at a ouabain concentration of mol/l and an external potassium concentration of 4 mmol/l. Because of the limited solubility of ouabain in water this represents the highest practicable concentration for routine use. The fact that these studies were performed with a ouabain concentration only just sufficient to inhibit the sodium pump at an external potassium concentration of 4 mmol/l has to be considered when interpreting the effect of external potassium on ouabain-insensitive fluxes, since an apparent stimulation of such a flux could represent competition between K+ and ouabain. This effect may in part explain the increase observed in both the ouabain-insensitive sodium efflux rate constant and ouabain-insensitive potassium influx with an increasing external potassium concentration. A similar observation has been made in rat erythrocytes where raising the external rubidium concentration from 1 to 5 mmol/l resulted in a 10-fold increase in the ouabain concentration required to produce a 50% inhibition of ouabain-sensitive rubidium influx [131. In the thymocyte both total and ouabaininsensitive potassium efflux were stimulated by extracellular potassium and a ouabain-sensitive potassium efflux was demonstrable at all concentrations of external potassium studied. This latter flux appears to be virtually saturated by an external potassium concentration of 6 mmol/l. Ouabain-sensitive potassium efflux has also been demonstrated in human erythrocytes where it is considered to represent reversal of the sodium pump 1141.
We have made no attempt to derive a figure for the coupling ratio of sodium-potassium transport by the sodium pump in rat thymocytes. The presence of a ouabain-sensitive potassium efflux has first to be taken into account in any such calculation and as we have already indicated the value for this flux is one of the most derived and least precise of those we have measured. At concentrations of external potassium in excess of 4 mmol/l there is the additional problem of competition between K+ and ouabain making the ouabain-sensitive flux a progressively less reliable measurement of the activity of the sodium pump.
Rat thymocytes are a useful and comparatively robust isolated-cell preparation with which to study cation transport. The main problem with their use centres around their relative ouabain insensitivity, a factor they share with other rat tissues. However, at a ouabain concentration of mol/l and an external potassium concentration of 4 mmol/l almost complete inhibition of the sodium pump appears to be achieved.
